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The entire double-stranded DNA genome of bacteriophage BFK20, a lytic phage of the Brevibacterium flavum CCM 251 – industrial producer
of L-lysine – was sequenced and analyzed. It consists of 42,968 base pairs with an overall molar G + C content of 56.2%. Fifty-five potential open
reading frames were identified and annotated using various bioinformatics tools. Clusters of functionally related putative genes were defined
(structural, lytic, replication and regulatory). To verify the annotation of structural proteins, they were resolved by 2D gel electrophoresis and were
submitted to N-terminal amino acid sequencing. Structural proteins identified included the portal and major and minor tail proteins. Based on the
overall genome sequence comparison, similarities with other known bacteriophage genomes include primarily bacteriophages from
Mycobacterium spp. and some regions of Corynebacterium spp. genomes – possible prophages. Our results support the theory that phage
genomes are mosaics with respect to each other.
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The genera Corynebacterium and Brevibacterium are Gram-
positive bacteria of high G + C content, close to Nocardia and
Mycobacteria and not very distant from Streptomyces (Park et
al., 1987; Woese, 1987). The non-pathogenic members of
genus Corynebacterium are widely used as industrial producers
in many biotechnological processes (Batt et al., 1985; Krämer,
1996; Nampoothiri and Pandey, 1998). Applications range
from feed to food and pharmaceutical products. C. glutamicum⁎ Corresponding author. Fax: +421 2 59307416.
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doi:10.1016/j.virol.2005.12.010and Brevibacterium flavum play a major nearly exclusive role
in the production of economically important amino acids (Her-
mann, 2003), including L-glutamate, threonine, L-lysine, phe-
nylalanine, glutamine, arginine, tryptophan, isoleucine and
histidine.
A serious and still common problem in many biotechnolog-
ical laboratories and factories is infections of bacterial cultures
by bacteriophages. The existence of lytic and temperate phages
in corynebacteria has been known for many years (Kato et al.,
1984, Patek et al., 1985). Most characterized corynephages are
temperate and were isolated after UV irradiation or mitomycin
induction (Moreau et al., 1995), but there are not many lytic
corynephages defined in detail to date.
Corynephages usually have a polyhedral head (40 × 50–
120 × 50 nm) attached to a long, flexible and non-contractile
tail (80–250 nm) (Nampoothiri and Pandey, 1998). They con-
tain double-stranded DNA with a G + C content of 54–57%.
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of several corynephages have been reported (Trautwetter and
Blanco, 1988; Trautwetter et al., 1987a). Phages characterized
in detail include phages Φ304L, Φ304S, Φ15 and Φ16, which
were induced from different C. glutamicum ATCC derivatives
(Moreau et al., 1995, 1999), ΦGA1 – B. flavum phage (Sonnen
et al., 1990a), β-converting and γ-nonconverting corynebacter-
iophage of the pathogenic species C. diphtheriae (Buck and
Groman, 1981) as well as ΦAAU2 infecting “Arthrobacter
aureus”-C70 (Le Marrec et al., 1996). Bacteriophage CL31
infects C. lilium (Trautwetter et al., 1987b), and Cog phage is
a virulent phage of C. glutamicum (Sonnen et al., 1990b).
According to Ackermann (2003), over 5300 phages have been
examined by electron microscopy. In the EMBL database, we
could find DNA segments from around 1000 different bacter-
iophages, giving the approximate number of known bacterio-
phages studied at a molecular level. There are more than 250
completely known genomes of bacteriophages, but no complete
nucleotide sequence of any corynephage has yet been reported.
We have previously isolated and characterized corynephage
BFK20, which causes lysis of B. flavum CCM 251, the indus-
trial producer of L-lysine (Koptides et al., 1992, 1994). Previous
study of the host range of BFK20 (Koptides et al., 1992)
revealed only one host strain lysed after infection. No lysis of
other B. flavum ATCC strains, B. lactofermentum BLOB and C.
glutamicum ATCC 13032 was observed. Defense mechanisms
of corynebacteria strains against bacteriophage BFK20 were
recently investigated in detail (Halgasova et al., 2005).
B. flavum is considered to be the same species as C. gluta-
micum (Liebl et al., 1991). Thus, known genomic sequence of
C. glutamicum ATCC 13032 (Ikeda and Nakagawa, 2003;
Kalinowski et al., 2003) was a great benefit for the BFK20
bioinformatic analysis presented in this study. Bacteriophage
BFK20 morphologically belongs to a taxonomical group of
unclassified Siphoviridae (Koptides et al., 1992). The phage
particle is composed of 50 nm polyhedral head and 200 × 10
nm non-contractible tail. The genome of BFK20 contains a
linear double-stranded DNA molecule with 3′ cohesive ends
and a GC content of 56.2% (EMBL, accession no. AJ278322).
The BFK20 genome consists of 42,968 bp, and it is the first
corynephage to be completely sequenced. Using bioinformatics
analysis, we have identified 55 putative open reading frames
(ORFs) coding for proteins varying in molecular weight (Mw)
from 5 to 170 kDa.
Based on the overall genome sequence comparison, similar-
ities with other known bacteriophage genomes were found.
Those primarily include bacteriophages from Mycobacterium
spp. host group and some regions of Corynebacterium spp.
genomes – possible prophages. Protein-based homology search
revealed similarities between BFK20 proteins and other phage
and bacterial proteins, which helped predict their functions.
Analyses of both DNA and protein support the theory that
phage genomes are mosaics with respect to each other. This
makes phylogenetic relations of phages more non-linear in
comparison to other organisms.
To date, most of the completed genome sequences exist for
the phages that infect Gram-negative eubacteria or A + T-richGram-positive bacteria such as Lactococci, Streptococci or
Bacilli. In this study, we present the complete annotated se-
quence of the BFK20 genome – a lytic phage of the Gram-
positive industrial producer B. flavum – and analyze the pre-
dicted virion proteins.
Results and discussion
Determination of DNA sequence
The nucleotide sequence of the BFK20 genome was deter-
mined by two approaches. Initially, genomic clones containing
defined fragments were prepared according to the restriction
map (Koptides et al., 1992). The complete nucleotide
sequences of these clones were determined step by step using
automatic DNA sequencers. Final localization and orientation
of sequences on the phage genome were completed by primer
walking. Secondly, the whole BFK20 genome was cloned by
shotgun, and individual clones were sequenced. The whole
nucleotide sequence of BFK20 DNA was assembled (EMBL
Acc. No.: AJ278322) using Gap4 program from Staden Pack-
age (Staden, 1996). The genome size was estimated as 42,968
bp. Each nucleotide was determined at least twice and up to 10
times in both directions. The overall G + C content of the
BFK20 genome is 56.2%. G + C content of C. glutamicum,
which is considered to be the same species as BFK20 host B.
flavum (Liebl et al., 1991), is 53.8%.
The presence of cos sites is characteristic for phages with a
non-headful packaging mechanism. We suggested cohesive
ends for the BFK20 genome according to previous results (Kop-
tides et al., 1992). The exact cos site sequence was determined
by sequencing on genomic DNA in a sequence run-off experi-
ment using the oligonucleotides COS1 and COS2. Primers were
situated 277 bp distal to either end of the region containing the
expected cos site. By comparing these sequences with the pre-
viously assembled whole genome (ligated DNA fragments from
the shotgun strategy), the cos site was assigned to a 13 bp
sequence 3′-ACTTCCCCCGCTT and TGAAGGGGGCGAA-
3′. Thus, the BFK20 cos site possesses a single-stranded 3′
overhang, like many other phages infecting Gram-positive
organisms (Brüssow and Desiere, 2001, Chandry et al., 1994;
Ganyu et al., 2005; Kaneko et al., 1998; Lillehaug et al., 1993;
Mahanivong et al., 2001; van Sinderen et al., 1996).
ORFs prediction and genomic organization of bacteriophage
BFK20
Identification of coding regions, located on the BFK20
genome, was based on the application of various methods.
These include base preferences, codon preferences, author
test, base bias and the presence of START and STOP codons
(Staden, 1996). A DNA region was considered as coding if
START and STOP codons were present, at least one of the base
composition methods was positive and the length of ORF was
at least 100 bp. All ORFs begin with ATG/GTG, except for
ORFs 14 and 36 which use TTG. As summarized in Table 1, we
identified 55 ORFs, predicted as coding regions. These 55
Table 1
Description of predicted ORFs and proteins from BFK20
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Gray highlight indicates ORFs shorter than 100 codons.
Exp. — experimentally detected.
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63G. Bukovska et al. / Virology 348 (2006) 57–71ORFs represent 89% of the total genome. The average ORF
length is 696 bp and intergenic regions 107 bp. Genes vary
in length from 132 bp (ORF51) to 4815 bp (ORF15), 17 out
of 55 predicted genes are shorter than 300 bp (Table 1).
According to their direction of transcription, ORFs were
divided into two groups. ORF1–ORF28, ORF50–ORF55
are transcribed from one strand and ORF29–ORF49 from
the complementary strand (Fig. 1). The overall gene organi-
zation consists of at least two different classes of transcrip-
tion: 1. early (DNA replication) and 2. late (structural
proteins synthesis, maturation, lysis) (Fig. 1). Transcription
of both groups points inwards, to position 23,250 bp. In this
region, a bi-directional transcriptional termination loop is
predicted. The terminator consists of a 30 bp hairpin loop
(23,229–23,259) with a 10 bp long stem of 80% G + C
content.
BFK20 contains 11% of non-coding sequence; in many
cases, there is little or no space between genes. Three ORFs
overlap by one nucleotide position where two adjacent genes
contain TAATG (ORF6–ORF7, ORF25–ORF26, ORF42–
ORF41). Two other ORFs contain the sequence ATGA, in
which the START codon of the downstream gene overlaps the
TGA STOP codon of the preceding gene (ORF4–ORF5,
ORF50–ORF51). Six gene pairs overlap for between 7 and
28 nucleotides (ORF1–ORF2, ORF9–ORF10, ORF17–Fig. 1. Genomic organization of bacteriophage BFK20. The 42,968 bp BFK20 genom
arrows. The numbers +1, +2 and +3 represent corresponding reading frame. Early
consists of terminase, head and tail components and lysis genes. Predicted bi-directio
represent 13 bp long 3′ protruding cos ends (3′-ACTTCCCCCGCTT and TGAAGORF18, ORF19–ORF20, ORF24–ORF25, ORF48–ORF47).
This indicates that translation of some ORFs is coupled or an
opportunity for a programmed translational frameshift is pro-
vided. However, no translational frameshift was detected be-
tween genes ORF13 and ORF14, which precede the minor tail
protein gene. Translational frameshifting is common in this
region among many tailed bacteriophages (Xu et al., 2004).
We predicted a Shine-Dalgarno sequence (SD) for 44 out of the
55 BFK20 ORFs. The most frequent SD motifs are AGGAG,
GGGGG, AGGGG and AGGCG. In C. glutamicum, the anti-
Shine-Dalgarno sequence comprises a tract of nine pyrimidines
with the sequence 5′-CCUCCUUUC at the 3′ end of the 16S
rRNA (Martin et al., 2003).
The G + C content of coding regions is 56.5%, and (G + C)3
content (G + C content at the silent third position of sense
codons) is 55.7%. These values are almost identical for both
groups of ORFs (early genes — 57.0%, late genes — 56.2%).
However, we observed great differences among ORFs. Since
the (G + C)3 value has greater significance when comparing
G + C content in coding DNA sequences, we discuss only these
values. If we exclude very short (statistically insignificant)
ORFs less than 300 bp long, we find that ORF23 exhibits
extremely low (G + C)3 content — 40.3%. On the other
hand, ORF35 and ORF45 possess extremely high (G + C)3
content — 72.3% and 70.8%, respectively. None of these genee is represented by thick double line. Predicted genes are represented as colored
genes region consist of replication and regulation genes. The late genes region
nal terminator at position ∼23,250 bp is depicted as a green box. Yellow boxes
GGGGCGAA-3′). G + C content profile is shown in lower half of the picture.
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may represent pseudogenes or mobile elements without a cod-
ing function.
Codon usage analysis compared codon usage between the
bacteriophage BFK20 and the bacterium C. glutamicum ATCC
13032. The distribution of codons used in BFK20 is very
similar to the one used by C. glutamicum. All codon frequen-
cies in the phage and bacterium were within 20% difference
with only two exceptions: 1. both Glu codons (GAA, GAG)
were used in reverse preference, and 2. the CCA Pro codon was
used more frequently in BFK20, compared to C. glutamicum
(Supplement 1). Genes that deviate strongly in codon usage
from an average gene, but are relatively similar in a codon
usage to the ribosomal protein genes, are considered as highly
expressed (Karlin et al., 1998a, 1998b). Genes for 53 ribosomal
proteins from C. glutamicum ATCC 13032 were collected from
the EMBL database, and their codon usage profile was used as
a standard codon usage pattern for highly expressed genes. We
computed “B” values (Karlin et al., 1998b) and CAI (Codon
Adaptation Index) (Sharp and Li, 1987) for 39 ORFs from
BFK20 and for 2746 known genes from C. glutamicum
ATCC 13032, considering only ORFs longer than 300 bp.
The B value was used to compare the codon bias between
BFK20 ORFs and average C. glutamicum ATCC 13032
genes. The CAI value was computed as a codon usage bias
using the ribosomal proteins genes from C. glutamicum as a
reference set. Based on the plot of B and CAI values, we
estimate that the great majority of ORFs from BFK20 fall
within the average codon usage of C. glutamicum (data not
shown). Only ORF6, ORF33 and ORF39 were considered as
highly expressed, according to their similarity in codon usage
with ribosomal proteins and their dissimilarity with the average
codon usage of Corynebacterium glutamicum ATCC 13032.
Proteomic analysis of BFK20 virion
Proteomic analysis of the BFK20 structural proteins was
undertaken to aid the genome annotation. BFK20 phage was
purified by CsCl density gradient centrifugation, and the virion
proteins were analyzed by 2D gel electrophoresis (Fig. 2).Fig. 2. 2D gel analysis of structural proteins. 2D electrophoretogram stained with Coo
of standards are shown. Indicated proteins are those, which were determined using N
the 2D gel analysis (est.) and predicted from amino acid sequences (pred.). Obtained
Gp15b represents hypothetical C-terminal part of gp15 (see Proteomic analysis of BTwenty three proteins spots were identified with different Mw
mobilities. However, some of these exhibited different pI mobi-
lities and were not resolved into a single discrete spot, suggest-
ing either multiple protein species and/or post-translational
modifications. Only thirteen proteins spots contained a suffi-
cient amount of material for N-terminal amino acid sequencing.
The first five amino acids for each protein were determined.
Our analysis revealed six proteins in BFK20 genome that
contained the corresponding amino acid sequences: gp3 (portal
protein), gp5 (prohead protease), gp8, gp12 (major tail protein),
gp15b (minor tail protein) and gp16. Except for gp5 and gp8,
all proteins lack the initiating methionine, which is presumably
due to the host methionine aminopeptidase activity (Lowther
and Matthews, 2000). The estimated and predicted molecular
weights of the analyzed proteins were different. All proteins,
except for gp5, migrated with higher mobilities than expected.
This could be due to retention of some secondary structure that
influences SDS binding during electrophoresis. Similar obser-
vations have been noticed for other phage virion proteins (Lab-
rie and Moineau, 2002; Roberts et al., 2004; Romero et al.,
2004, Smith et al., 1999).
The significance of gp5 among structural proteins is unclear
since it was identified as the prohead protease. The discrepancy
between the experimentally estimated Mw of 16 kDa and the
predicted 38 kDa for gp5 is also excessive. Based on our
bioinformatic analysis (see below), we assumed a process
where gp5 is matured into two 15 kDa and 23 kDa proteins.
We detected sequence similarity between gp5 and known pro-
teases starting only from amino acid position 140 of gp5.
Therefore, the C-terminal part of gp5 could be the genuine
protease and its predicted Mw of 23 kDa corresponds to those
of other known proteases. The N-terminal part of gp5 protein
(up to amino acid position 140) represents an unknown struc-
tural protein with a predicted Mw of 15 kDa. This corresponds
to the protein with the N-terminal sequence MIHMI and an
estimated Mw 16 kDa (Fig. 2). The HDGGL peptide (Fig. 2) is
found at position 1299 AA of gp15. This could be a result of
post-translational modification, in which protein gp15 is
cleaved into a mature gp15a of Mw 138 kDa and gp15b of
Mw 31 kDa. However, the experimentally estimated Mw formassie Blue R-250 is depicted on the left side. Maximal and minimal pI and Mw
-terminal sequencing. Mw and pI for each protein product were estimated from
N-terminal sequence and predicted function for gene products are also shown.
FK20 virion).
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gp15b. Gp8 and gp16 are proteins with unknown function,
but their position on the BFK20 genome and experimental
confirmation of association to the group of phage virion pro-
teins clearly indicated that both belong to the group of struc-
tural proteins.
Proteomic analysis of BFK20 virion particles did not detect
the predominant protein in the phage particle — the major
capsid protein, which was identified as gp6. Gp6 was identified
as MCP with high similarity and homology to the group of
HK97-like MCPs. A known feature of HK97 capsid assembly
is the formation of crosslinks that link subunits in the capsid
like a kind of chain mail. In bacteriophages containing chain
mail MCPs, the major capsid protein is detected by SDS poly-
acrylamide gel electrophoresis only as a polypeptide with very
high molecular weight that does not enter the gel (Gilakjan and
Kropinski, 1999; Smith et al., 1999; Yuzenkova et al., 2003).
The presence of chain mail is a very probable reason why
BFK20 major capsid protein was not detected (Fig. 2). The
SDS electrophoretic pattern of BFK20 virion proteins displayed
the appearance of high molecular weight material that failed to
enter the gel matrix (data not shown). This material probably
contains a major capsid protein oligomer.
Characterization and function of predicted proteins
Many phages of the Siphoviridae family share a similar
genome organization: “DNA packaging–head–tail-tail fiber-
lysis/lysogeny-DNA replication-transcriptional regulation” mo-
dules (Brüssow and Desiere, 2001); BFK20 has an analogous
structure. The 55 ORFs and their gene products were compared
with the non-redundant databases using Blast (Altschul et al.,
1997), and their associations to the protein families and other
similarities were established using secondary databases search
tools PrositeSearch (EMBOSS package software, Rice et al.,
2000), Pscan (EMBOSS package software, Rice et al., 2000),
FPScan (Scordis et al., 1999) and HmmPfam (Durbin et al.,
1998). Descriptions of predicted proteins are summarized in
Table 1.
Head morphogenesis and structural proteins gp1–gp22
In many tailed phages and prophages, the organization of
head morphogenesis and structural proteins is: “terminase–
portal–protease–scaffold–major head shell (coat) protein–
head/tail-joining proteins–tail shaft protein–tape measure pro-
tein–tail tip/baseplate proteins–tail fiber” (listed in their order
of transcription) (Casjens, 2003). In the BFK20 genome, the
putative head morphogenesis and structural genes are located
immediately upstream of the tail genes. The structural proteins
of BFK20 were identified by bioinformatics and experimentally
confirmed by the determination of N-terminal amino acid
sequences of individual virion proteins.
Gp1 and gp2 are candidates for, respectively, the small and
large terminase subunits. The terminase enzymes that have
been characterized to date are mostly heteromultimers with a
small subunit that specifically binds the viral DNA and a largesubunit that has endonuclease activity for DNA cleavage and an
ATPase activity that powers DNA packaging (Catalano et al.,
1995, Duffy and Feiss, 2002; Maluf et al., 2005; Rubinchik et
al., 1994). Gp1 has a similar size and genomic position (pre-
ceding the large terminase subunit) with known small terminase
subunits (Brüssow and Desiere, 2001; Canchaya et al., 2003).
Amino acid sequence alignment of gp1 with 99 known small
terminase subunits was examined (data not shown); no signif-
icant sequence similarity was detected. This could be due to the
fact that there is no conserved motif present among all known
small terminase subunits. Evidence for terminase activity of
gp2 is supported by several Blast matches to putative termi-
nases from several other bacteriophages (Table 1). Terminase
functionality was predicted also by an HmmPfam search. Se-
quence alignment of gp2 with other phage terminases revealed
the presence of a highly conserved GKT/S Walker A (P-loop)
motif VGRQNGKT77–84, and the localization of this motif at
the N-terminus of gp2 is in accordance with other phage termi-
nases (Mitchell and Rao, 2004).
Gp3 was identified as a phage portal protein using Blast and
HmmPfam searches. It shows significant homology with seve-
ral phage portal proteins (Table 1). The gene encoding the
portal protein is generally located immediately downstream of
the terminase gene. Portal proteins are assembled typically in
12-fold symmetric ring around a central channel serving as an
entry point for the translocation of the phage DNA into its head
(Valpuesta and Carrascosa, 1994). Gp3 was experimentally
identified as a virion protein. Gp4 is a protein of an unknown
function. Most bacteriophages do not code for any protein
product between the portal and prohead protease genes (Cas-
jens, 2003; Canchaya et al., 2003). According to our phage
genomes survey, the only related bacteriophage with organiza-
tion similar to that of BFK20 is phi3626 (Zimmer et al., 2002).
Phi3626 gp4 has no predicted function, and it does not share
any sequence similarities to BFK20 gp4. An ATP binding site
(P-loop) was detected in gp4 by Blast and HmmPfam searches;
we speculate that gp4 is a pseudogene originating from a kinase
protein family.
Gp5 is a candidate for a prohead protease, it exhibits simi-
larity with comparable phage proteins (Table 1). An ATP/GTP-
binding site motif A (P-loop) in gp5 was found using Prosite-
Search. Various dsDNA phages from the Siphoviridae family
share a similar capsid maturation mechanism, suggesting that
the proteolytic cleavage of structural proteins during phage
capsid assembly is common in many dsDNA phages and that
the prohead protease is the key enzyme in the process (Liu and
Mushegian, 2004). Based on the computational studies of these
authors, the BFK20 prohead protease belongs to the U35 pro-
head protease family, according to the presence of the conserved
catalytic triad H211–S262–E291. Gp5 was experimentally identi-
fied as a virion structural protein.
Blast and HmmPfam searches predicted gp6 as the major
capsid protein (MCP) with very high significance (E = 5 ×
10−76). MCP is one the predominant proteins present in a
phage virion. High level of expression for gp6 was predicted
by codon usage analysis. According to the high level of se-
quence similarity of the prohead protease gp5 and the MCP gp6
66 G. Bukovska et al. / Virology 348 (2006) 57–71to their homologues in HK97 and HK022, we assume that the
shape and assembly process of the BFK20 capsid are analogous
to those lambda-like phages, where prohead II is formed after
the first 102 amino acid residues from gp5 N-terminus are
cleaved off by the viral protease (Helgstrand et al., 2003; Li
et al., 2005). HK97 assembly differs from most other phages in
not having a scaffolding protein for assembly. It was proposed
that the role of the portion of the HK97 capsid that is released
upon proteolytic cleavage may compensate for the absence of
the scaffolding protein (Helgstrand et al., 2003). No scaffolding
protein was identified in the BFK20 genome. Based on the
presence of nine strictly conserved amino acid residues, the
BFK20 MCP falls within the group of HK97-like MCPs
(HK97, D3, Xp10, CJW1, B1, PHI-NHI and PHI-ETA) (Helg-
strand et al., 2003).
Gp8 shares significant homology with several mycobacte-
riophage late proteins, also without known function (Table 1).
Blast predicts gp12 to be the major tail protein by its sequence
similarity with several phage major tail proteins (Table 1).
Sequence similarity with other late mycobacteriophage proteins
without predicted function was also detected (Table 1).
Blast predicts gp15 as a minor tail protein (also known as
a tape measure protein — TMP), and it was shown to be part
of the BFK20 virion. Furthermore, HmmPfam identified a
TMP domain at the N-terminus of gp15 and also a transgly-
cosylase SLT (soluble lytic transglycosylase) domain. Phylo-
genetic analysis by Rohwer and Edwards (2002) showed a
tranglycosylase domain to be one of the most frequent among
phage proteins, some of which have been characterized as a
tail component. Lytic transglycosylases degrade the murein
component of bacterial cell wall. Many bacteriophages en-
code a lytic transglycosylase, which has been proposed to be
involved in the entry of the phage DNA at the beginning of
the infectious cycle (Lehnherr et al., 1998; Koraimann, 2003,
Moak and Molineux, 2004). The presence of a transglycosy-
lase SLT domain on BFK20 gp15 indicates that BFK20
might utilize transglycosylase activity for efficient phage
DNA entry. Efficient infection of host cells is supported by
transcriptional analyses of BFK20, showing that early gene
transcription occurs within the first 5 min of infection (our
unpublished results). N-terminal amino acid sequencing indi-
cates that gp15 is split into a mature gp15a with 1298 AAs
and gp15b with 306 AAs. The SLT domain is localized at the
C-terminus of gp15a. Pedersen et al. (2000) reported a cor-
relation between the length of the lambda TMP and the
length of its tail (0.15 nm per amino acid of TMP). Using
this value, we estimate the tail length of BFK20 as 195 nm,
which corresponds well with previous morphological studies
of BFK20 (Koptides et al., 1992).
By comparing the organization of the BFK20 genome with
other tailed phage genomes, we predict that putative protein
products gp16 through gp22 belong to the baseplate or tail fiber
proteins. This assumption is supported only for gp16, gp18,
gp21 and gp22 where several significant homologies with other
late phage proteins were detected (Table 1). Gp21 is a predicted
tail fiber protein, according to its similarity to several entero-
bacterial phages and prophages (Blast search). In the regionbetween amino acid 105 and 277 AAs, an alanine-rich region
was identified, containing 32% alanines.
Lytic proteins gp24–gp27
Most phages accomplish host lysis by at least two phage-
encoded enzymes: an endolysin, which degrades the cell wall
peptidoglycan and a holin, which permeabilizes the membrane.
The cooperation of these proteins results in rapid destruction of the
cell wall and subsequent cell lysis (Wang et al., 2000). On the
BFK20 genome, we have identified two lysis genes that are clus-
tered and transcribed in the order endolysin gp24–holin gp26.
Gp24 was identified as the phage lysin on the basis of
bioinformatics and also experimentally. According to a Blast
search, gp24 is similar to other autolysins/amidases. HmmPfam
search revealed gp24 as a member of N-acetylmuramoyl-L-
alanine amidase family. This enzyme family cleaves the
amide bond between N-acetylmuramoyl and L-amino acids in
bacterial cell walls. The lytic activity of cloned and expressed
protein product gp24 was confirmed by a lysis test using B.
flavum cells as substrate. The molecular weight of over-
expressed lytic protein was estimated about 25 kDa (data not
shown), which corresponds to the predicted value (Table 1).
No homology between any BFK20 protein and known ho-
lins was detected. However, holins are very diverse in primary
sequence and do not share significant conserved domains. In
many phage genomes, the endolysin gene is preceded or over-
lapped by a gene encoding a holin (Young and Bläsi, 1995). In
BFK20, the gene upstream of the lysin gene is ORF23, but
experimental studies and structural characteristics did not con-
firm gp23 to be a holin. On the basis of structural characteristics
for holins, other candidates were gp26 and 27. It is known that
any holin is fully functional with any endolysin (Brillard et al.,
2003; Damman et al., 2000; Smith and Young, 1998). We
identified the BFK20 holin gene by in vivo complementation
of λSam7 by cloned BFK20 genes. After thermal induction in a
non-permissive E. coli strain, the λ phage lytic cycle was
recovered only when BFK20 ORF26 was present (data not
shown). Thus, gp26 is a functional holin.
DNA replication proteins gp29–gp46
Many bacteriophages exploit several hosts' replication pro-
teins for genome replication (Giraldo, 2003). Bioinformatics
predicted three protein products to be involved in DNA metab-
olism — gp41 (helicase), gp43 (replication protein) and gp44
(DNA polymerase A).
Gp41 was identified as a potential helicase. It is a member of
the DEAD box helicase family (Table 1). Some phages (e.g. T4
and T5) employ separate primase and helicase proteins forming
a primosome complex. Other phages use a multifunctional
protein comprising both activities (e.g. gp4 of T7 and T3 and
alpha protein of P4) (Deho and Ghisotti, 1999; Ilyina et al.,
1992; Mosig, 1999). Studies to determine whether BFK20 also
employs separate primase and helicase proteins are in progress.
Gp43 is similar to several plasmid RepA proteins and to a
few bacterial helicase-like proteins (Table 1). RepA-like
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sible for plasmid replication. Gp43 contains an ATP/GTP-bind-
ing motif A (P-loop). Gp43 is apparently another protein
participating in a phage DNA replication, operating, for exam-
ple, as primase or second helicase.
We predicted gp44 as a DNA polymerase. This finding is
highly supported by Blast (E = 5.0 × 10−18), which revealed
homology to several bacteriophage and bacterial A family
DNA polymerases (Table 1). Surprisingly, gp44 is more closely
related to e.g. enterobacterial DNA polymerases than to Cory-
nebacterium spp. DNA polymerases.
Other early proteins include several that probably play a role
in DNA metabolism and that show significant homologies with
other early phage proteins. Gp29 is a protein of unknown
function; a PSI-Blast search revealed similarity to other bacterial
and phage proteins, some belonging to the endonuclease VII
family (Table 1). The position of gp29 in the early gene region,
together with its similarities to the endonuclease VII family,
points to a potential role in BFK20 DNA replication. Gp32
contains a MerR family regulatory protein signature at its N-
terminal end. The MerR-type HTH domain is a DNA-binding
winged helix–turn–helix domain of about 70 residues present in
the MerR family of transcriptional regulators. Thus, BFK20
gp32 is a putative transcriptional regulator. Gp37 is predicted
as another putative transcriptional regulatory protein with a
helix–turn–helix motif; gp37 also contains an adenylate cyclase
associated domain (Table 1). Gp39 is a protein with unknown
function, the first 153 AAs contain a glutamine-rich (43%) and
proline-rich (20%) region. Several repeats were identified at the
amino acid level near the C-terminus of gp39; repeats are found
in 12–14 AA shifts. At the DNA level, in the region 28,850–
29,250 bp (corresponding to the C-terminal part of gp39), sev-
eral direct and inverted repeats were also identified. The largest
direct perfect repeat is 92 bp. These repeated sequences resulted
in many false matches using Blast and HmmPfam searches.
Gp40 and gp42 are both early proteins with unknown functions
with homology to several putative phage proteins — also with
unknown function (Table 1).
Regulatory proteins gp47–gp55
The life cycle of bacteriophages is altered by phage-
encoded regulatory proteins. Those include transcription
repressors and antirepressors, which enable switching on and
off expression of particular groups of genes. These proteins,
together with host-encoded proteins, regulate the development
phases of a phage. We identified six transcriptional regulators:
four (gp32, gp37, gp47 and gp48) lie within early genes and
two (gp52 and gp54) within late genes. Gp47, gp48, gp52 and
gp54 are all in the region where transcription of both early and
late genes is initiated.
Gp47 contains Pfam transcriptional regulatory motif. This
Pfam family covers small proteins of 12 to 18 kDa that seem to
contain a signal sequence. Gp48 is a member of Pfam bacterial
regulatory GntR family of transcription factors, which contain
an N-terminal helix–turn–helix region. Gp52 is a member of
lactococcal phage putative transcription regulator family. Thisfamily contains a number of putative transcription repressor
proteins found in several lactococcal bacteriophages. Gp54
contains a lambda-repressor HTH signature and is another
potential regulatory protein.
In this region of the BFK20 genome, we also detected two
non-regulatory proteins. Gp53 is a glutaredoxin-like protein
(Table 1); glutaredoxins, also known as thioltransferases, and
thioredoxins have important roles in the DNA metabolism of
diverse viruses (Gvakharia et al., 1996). Glutaredoxin-like pro-
teins have been identified in a related group of mycobacterio-
phages (Pedulla et al., 2003). Gp55 is predicted HNH
endonuclease with an H52–N68–N77 motif. Substitution of his-
tidine with asparagine in the third position is present in some
members of the HNH family (Dalgaard et al., 1997).
Thirty two proteins are without predicted function (Table 1),
showing no or only low similarity with other known proteins or
protein families. Eighteen are less than 100 amino acids long,
thus it was difficult to identify specific motifs. Further experi-
mental investigation will be necessary to verify if the
corresponding ORFs are functional genes or pseudogenes.
Bacteriophage BFK20 genome similarities
Genome mosaicism is a property first described for lamb-
doid phages following electron microscopy of DNA–DNA
heteroduplexes. However, modular theory of phage evolution
can be applied to all bacteriophages. This theory hypothesizes
that modules of sequence, consisting of genes or group of
genes, exchange by non-homologous recombination at random
locations. Only non-lethal recombinants will persist in subse-
quent generations, possibly providing a phage with a new or
enhanced functionality (Hendrix, 2002, Hendrix et al., 2003).
Our bioinformatics analyses indicated quite extensive homo-
logy between BFK20 and other bacteriophages (particularly
those using Mycobacterium spp. as hosts) and to regions of
Corynebacterium spp. genomes. Most notable are the similari-
ties between the BFK20 genome with the mycobacteriophage
Rosebush and prophages from C. efficiens YS-314 and C.
diphtheriae NCTC 13129 and C. glutamicum strain specific
island 8, strain R. We used these phage/prophage genome
sequences, together with BFK20 genome, for multi-dot plot
analysis (Fig. 3). While early genes, particularly ORF40–
ORF44 are very similar to Rosebush DNA replication genes,
late genes (structural and lytic) are more related to the Cory-
nebacterium spp. prophages. Within the late gene group, we
find great similarity between ORF1–ORF15 (terminase, cap-
sid, major tail protein) to the C. diphtheriae prophage. C.
glutamicum and C. efficiens prophages share greater similari-
ties with ORF15–ORF24 (minor tail, lysin), and, for the C.
efficiens prophage, the region of similarity extends through
ORF27. At the protein level, all phage capsid proteins – portal
protein (gp3), prohead protease (gp5) and major capsid protein
(gp6) – are homologous to the capsid proteins of lambda-like
phages (HK022 and HK97). Evidence for common ancestors
of capsid proteins confirmed that the groups of genes whose
protein product closely interact are usually transferred hori-
zontally as a one module.
Fig. 3. Multiple DotPlot of BFK20 genome sequence and related phage/prophage sequences. For analysis, the whole genome sequences of corynephage BFK20
(42,968 bp) and mycobacteriophage Rosebush (EMBL Acc. AY129334, 67,480 bp) were used together with probable prophage sequences extracted from bacterial
genomes of Corynebacterium diphtheriae NCTC 13129 (EMBL Acc. BX248353; genome position 152,718–200,798 bp), C. glutamicum strain specific island 8,
strain: R (EMBL Acc. AB193035) and Corynebacterium efficiens YS-314 (EMBL Acc. BA000035; genome position 874,694–922,705 bp). Windows size of 150
and threshold value of 50 were used as parameters for DotmatcherN program (EMBOSS package).
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the theory that phage genomes are mosaics with respect to each
other. While the BFK20 capsid protein is mostly closely related
to the lambda-like group of enterophages, regions containing
other structural and replication genes are more homologous to
phages and prophages from the Corynebacterineae taxonomi-
cal suborder.
Materials and methods
Phage propagation and isolation of BFK20 genomic DNA
Corynephage BFK20 was propagated on B. flavum CCM
251 (hse−, Aecr) L-lysine producer. High titer lysates prep-
aration and phage DNA isolation were performed as previ-
ously described (Koptides et al., 1992). The phage particles
were purified on CsCl step gradient according to Sambrook
et al. (1989). The obtained phage DNA was subcloned into
pBSSKII(+) and pBSKSII(+) plasmids (Stratagene, La Jolla,
CA).
DNA manipulations and sequencing strategy
The BFK20 genome library was prepared by cloning of
BglII and/or BglII/MluI generated fragments and by shotguncloning of BamHI fragments into pBluescript plasmids. The
recombinant plasmids, with fragments longer than 1 kb, were
digested with SacI and XbaI and treated with exonuclease III
(Promega, Madison, USA) to generate a series of unidirec-
tional deleted subclones. Isolated plasmids were sequenced
using T3 and T7 primers. The sequencing was performed by
using the Thermo Sequenase fluorescent-labeled primer cycle
sequencing Kit (Amersham Biosciences, Essex, UK) on a
model A.L.F. DNA sequencer (Pharmacia-LKB), on Vistra
DNA Sequencer (Amersham Biosciences, Essex, UK) and
using an 8-column capillary Beckman CEQ sequencer with
reagents and methods recommended by Beckman (Beckman
Instruments).
Determination of BFK20 cos sites
The sequence of cos site of BFK20 was determined by a
sequence run-off experiment using the oligonucleotide COS1
(5′-CAACTCGAGCCACCATGAAG-3′) and COS2 (5′-
TTGGTAAAGTGAGGCCCAAG-3′), which are situated
277 bp distal to either end of the linear BFK20 genome.
The purified phage BFK20 DNA was used as a sequencing
template. The nucleotide sequences were determined using an
8-column capillary ABI 3100-Avant Genetic Analyser se-
quencer with reagents and methods recommended by Applied
Biosystems.
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proteins
Two-dimensional gel electrophoresis was performed accord-
ing to Garrels (1979). Isoelectric focusing gels contained 2% of
ampholines, pH range 3–10 (Bio-Rad). The second dimension
was performed on 13% polyacrylamide gels according to
Laemmli (1970). Gels were silver-stained for detection of the
proteins and dried. The proteins were transferred to a PVDF
membrane and subjected to an automated Edman degradation
sequencing.
Western blots
Electrotransfer of gels to the Hybond P, PVDF transfer
membrane (Amersham Pharmacia Biotech) was performed
using a blotting apparature (220 mA, 2 h). PVDF blots were
rinsed in deionized water then soaked in pure methanol for a
few seconds and stained with Coomassie Blue R-250 (0.1% in
1% acetic acid). After destaining procedure, the PVDF blots
were rinsed in deionized water and dried at a room temperature.
Protein spots were cut out and marked according to the pI and
Mw markers.
N-terminal amino acid sequences were determined using the
“Procise-Protein Sequencing System” [PE Applied Biosystems,
491 Protein Sequencer] by Edman degradation (the program PL
PVDF Protein was used). N-terminal amino acid was specifi-
cally reacted with phenylisothiocyanate (PITC). This deriva-
tized amino acid was then selectively removed, leaving the rest
of peptide chain intact. The resulting PTH amino acids were
analyzed sequentially [by RP HPLC] to determine the amino
acid sequence of the protein. Blast search of the obtained
sequences against the BFK20 genome sequence was performed
(tblastn algorithm).
ORFs prediction and genome annotation
ORFs were predicted using Staden Package program Spin
(Staden, 1996), based on base preferences, codon preferences,
author test, base bias and the presence of START and STOP
codons. For those methods requiring Codon Usage Table, the
one for C. glutamicum was used.
Ribosome binding sites (RBS) were predicted using TIGR
RBSfinder (http://www.tigr.org/software/). As an RBS consen-
sus, we used the AGGAG sequence that is complement to the
sequence motif located on the 3′ end of 16S rRNA of Coryne-
bacterium spp. small ribosomal subunit.
Transcriptional terminator was predicted using the Termina-
tor tool from GCG package, the Wisconsin Sequence Analysis
Package version 10, using algorithm of Brendel and Trifonov
(1984).
Codon usage analysis was performed using INCA 2.0 soft-
ware (Supek and Vlahovicek, 2004). Complete set of C. gluta-
micum ATCC 13032 was obtained from NCBI ftp server (ftp://
ftp.ncbi.nih.gov/genomes/Bacteria).
Primary databases search was done by NCBI Blast server
(Altschul et al., 1997). Both blastn and blastp programs and
corresponding non-redundant databases were used, dependingon the nature of analysis. Only those results with the E-value
smaller than 10 were considered. If standard Blast search was
not sensitive enough, PSI-Blast with up to 5 itineration was
used.
Secondary databases search was performed against Prosite
(Hulo et al., 2004), Prints (Attwood et al., 2003) and Pfam
(Bateman et al., 2004) databases. Corresponding tools Prosite-
Search (EMBOSS package software, Rice et al., 2000), Pscan
(EMBOSS package software, Rice et al., 2000), FPScan (Scor-
dis et al., 1999) and HmmPfam (Durbin et al., 1998) were used
for analysis.
Membrane spanning regions in proteins were predicted
using Tmap tool (EMBOSS package software, Rice et al.,
2000).
Multiple sequence alignments were generated by employing
the ClustalX program (Thompson et al., 1997), using standard
parameters.
DotPlot were constructed with Dotmatcher tool from EM-
BOSS package (Rice et al., 2000). Windows size of 150 and
threshold value of 50 were used as parameters.
Nucleotide sequence accession number
The complete nucleotide sequence of phage BFK20 was
deposited in the EMBL database under accession number
AJ278322.
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